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Abstract

Exposure of skin chamber granulation tissue vessels in nondia-
betic rats to 11 or 15 mMD-glucose (but not L-glucose or
3-0-methylglucose) twice daily for 10 d induces vascular func-
tional changes (increased albumin permeation and blood flow)
identical to those in animals with mild or severe streptozotocin
diabetes, respectively. These vascular changes are strongly
linked to increased metabolism of glucose via the sorbitol
pathway and are independent of nonenzymatic glycosylation as
well as systemic metabolic and hormonal imbalances asso-
ciated with the diabetic milieu. (J. Clin. Invest. 1990.
85:1167-1172.) diabetes * hormones - granulation tissue * an-
giogenesis * nonenzymatic glycosylation

Introduction

A growing body of evidence is consistent with the hypothesis
that metabolic imbalances associated with hyperglycemia are
of central importance in the pathogenesis of the late compli-
cations of diabetes (1, 2). On the other hand, multiple hor-
monal imbalances (in insulin levels, growth hormone, growth
factors, catecholamines, sex steroids, thyroid hormone, etc.)
associated with systemic hyperglycemia (and/or hypoglyce-
mia) also have been postulated to play important roles in the
pathogenesis of diabetic complications. A major obstacle to
sorting out the role(s) and interactions of specific metabolic
imbalances and hormonal factors in the pathogenesis of dia-
betic vascular complications has been the lack of animal
models in which any one factor can be varied in vivo, indepen-
dent of the others, and its effects on vascular function or
structure quantified.

Wehave overcome this problem for vascular function by
the use of a skin chamber granulation tissue model in which
blood flow and vascular albumin permeation can be quanti-
fied in new (granulation tissue) vessels formed in bilateral
(control and test) skin chambers in nondiabetic as well as in
diabetic rats (3). Granulation tissue is a highly vascular con-
nective tissue formed (in response to injury) by proliferating
new vessels and fibroblasts with associated extracellular matrix
constituents (including type I and type IV collagen, heparan
sulfate proteoglycans, laminin, etc.), all of which have been
shown to be biochemically or structurally altered in various

Address reprint requests to Dr. Williamson, Department of Pathology,
Box 8118, Washington University School of Medicine, 660 South Eu-
clid Avenue, St. Louis, MO63110.

Received for publication 21 August 1989 and in revised form 28
November 1989.

tissues of diabetic humans and animals (2). In our view vascu-
lar complications of diabetes constitute a spectrum of (abnor-
mal) vasoproliferative responses to injury ranging from simple
thickening of capillary basement membranes and accumula-
tion of extracellular matrix in many tissues to formation of
complete new vessels in the eye (4). Although the association
between vasoproliferative and vascular functional changes in
human subjects with diabetic complications is well known, it
remains unclear whether these phenomena are causally re-
lated.

Diabetic subjects with proliferative retinopathy, i.e., new
vessels arising from the retina or optic disk, are the highest risk
group for loss of vision caused by functional and structural
abnormalities of these new vessels (5-7). These new vessels are
very fragile, i.e., they tend to bleed spontaneously, and they
leak fluorescein dyes much more profusely than nearby retinal
vessels formed before the onset of diabetes (8, 9). Similarly,
vascular albumin permeation in diabetic rats is markedly in-
creased in new (subcutaneous) granulation tissue vessels (in-
duced by implanting fabric under the skin) formed in the dia-
betic milieu, but not in vessels of neighboring muscle or skin
from which the new granulation tissue vessels are derived (10).
In addition, vascular albumin permeation in these newly
formed vessels is much more pronounced than that in vessels
(present before induction of diabetes) in ocular tissues, periph-
eral nerve, kidney, and aorta (the most commonsites of vascu-
lar complications in human diabetics) (10, 1 1). Thus, prolifer-
ating new granulation tissue vessels may be particularly useful
for investigating the pathogenesis of vascular functional
changes associated with diabetes. Two important advantages
of the skin chamber model are that: (a) during angiogenesis,
new vessels in the test and control chambers can be exposed to
synthetic media differing only in the concentration of a single
component, i.e., substrate, hormone, or pharmacologic agent,
and (b) the newly formed granulation tissue vessels can be
recovered for analysis free of contamination by adjacent tissue
whose age and metabolic history are unknown. The amounts
of reagents added to the chambers are so small that once they
are absorbed into the blood they have no systemic effects.

In the present studies, we have assessed the effects of topi-
cally applied glucose on blood flow as well as on vascular
albumin permeation in skin chamber granulation tissue ves-
sels formed in nondiabetic male Sprague-Dawley rats.

Methods

Chamber insertion and protocolfor topical application
of reagents
A modification of the granulation tissue-skin chamber model utilized
by Lundberg and Gerdin (3) was used for these studies. Very briefly,
2-cm circles of skin were removed from the back on either side of the
midline (after shaving the hair) of normal Sprague-Dawley rats
(weighing 250-300 g) that were anesthetized with sodium pentobarbi-
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tol (35 mg/kg i.p.). The flanged base of the plastic chamber was then
sutured to the skin at the margins of the wound with the skin overlap-
ping the flange to prevent reepithelialization of the granulation tissue
inside the chamber and separation of the chamber from the skin by
regrowth of hair. Newvessels and granulation tissue then form sponta-
neously on the surface of the exposed fascia inside the chambers. The
chambers are equipped with stainless steel screwcaps which are readily
removed to permit addition of metabolites, pharmacologic agents, etc.
to the new vessels as they form inside the chamber.

Starting 10 d after insertion of the chambers, 0.5 ml of PBS or
Hepes buffer containing penicillin-G (100 Mg/ml) and gentamycin (10
,Mg/ml), in addition to one or more of the following reagents, is added to
each chamber: (a) 5, 8, 11, 15, or 30 mMD-glucose or L-glucose (a
nonmetabolizable stereoisomer of D-glucose that penetrates cells much
more slowly than u-glucose since its uptake is not facilitated by glucose
transporters), (b) 30 mM3-O-methylglucose (a nonmetabolizable an-
alogue of 1-glucose that is transported into cells at rates similar to those
for D-glucose by the same glucose transporters), or (c) 30 mMD-glu-
cose plus 0.07 mMtolrestat (N-[[5-(trifluoromethyl)-6-methoxy-l-
naphthalenyl]-thioxomethyl]-N-methylglycine), an inhibitor of aldose
reductase. These solutions were added two times daily (9:00 AMand
5:00 PM) for 10 d to the chambers. 2-10 d after initiating treatment
with these solutions (and 30-60 min after the last treatment), blood
flow and vascular permeation by radiolabeled albumin were quantified
as described below.

Protocolfor assessment of vascular albumin permeation
and bloodflow
After 10 d of topical glucose applications, rats were anesthetized with
Inactin (Byk Gulden, Konstanz, West Germany) (100 mg/kg body wt
i.p.) and the left femoral vein and both iliac arteries were cannulated
with polyethylene tubing filled with heparanized saline. The femoral
vein cannula was used for tracer injection, the right iliac artery cannula
was connected to a pressure transducer (P50; Statham Instruments,
Inc., Oxnard, CA) for monitoring blood pressure as well as for arterial
blood sampling, and the left iliac artery cannula was connected to a
withdrawal pump for assessment of regional blood flow. The trachea
also was cannulated and connected to a small rodent respirator for
continuous ventilatory support.

Preparation of radiolabeled tracers. '25I-BSA and '3'I-BSA were
prepared by iodinating 20 mgof purified monomer BSAwith 1 mCi of
1251 or '3'1 (NEN Research Products, Boston, MA) by the lactoperoxi-
dase method (12) and rat erythrocytes were chromated as described
previously ( 13).

Assessment of albumin permeation. Two different methods were
used to assess vascular permeation by radiolabeled albumin. The first
method (utilized for the initial experiments) was a double-isotope ratio
technique, which provides an index of vascular albumin permeation
that permits assessment of changes in permeation associated with ex-
perimental interventions, but does not provide quantitative plasma
clearance data. The index of vascular albumin permeation obtained by
this method is the tissue-to-blood isotope ratio (TBIR)', which is ob-
tained by dividing the ratio of '251-BSA/5tCr-RBC counts in the tissue
by the corresponding ratio of counts in arterial blood obtained at the
time the animal is killed (1 1). A TBIR > 1 is indicative of permeation
of the vasculature by albumin into the extravascular space. With this
method, 5"Cr-RBC (1 ml of 40% Hct rat RBCin PBS) were injected
through a femoral vein cannula 5 min before time 0. At time 0 12511
BSA (in 0.3 ml of PBS) was injected through the femoral vein cannula.
10 min after injection of '251-BSA, an arterial blood sample (0.2 ml)
was obtained; the chest cage was then immediately opened, the heart
was excised, and granulation tissue was removed from the chambers
for quantification of tracer content and for polyol analysis.

The second method for assessment of vascular albumin perme-

1. Abbreviations used in this paper: TBIR, tissue to blood isotope ratio;
TMS, trimethylsilyl.

ation utilized two different radiolabeled albumins ("'I3 and 1251) (14).
'3I1-BSA was the primary (or permeating) tracer and was allowed to
circulate for 10 min. '251I-BSA was used as the intravascular space tracer
(to correct tissue '31I-BSA activity for intravascular tracer as described
below) (15, 16) and was allowed to circulate for only 2 min (assuming
that relatively little tracer permeates the vasculature during this time,
note correction for this assumption below). At time 0 '31I-BSA (in 0.3
ml of PBS) was injected through the femoral vein catheter. 8 min later
'25I-BSA (in 0.3 ml PBS) was injected through the same catheter. In
order to obtain a time-averaged plasma activity of '31I-BSA, a 0.2-ml
blood sample was taken from the right iliac artery cannula at 1, 5, and
10 min after 0 time. Immediately after each arterial withdrawal an
equal volume of saline was injected intravenously. 10 min after injec-
tion of '3'I-BSA the experiment was terminated and granulation tissue
was removed from the chambers for quantification of tracer content by
gammaspectrometry and for polyol analysis.

'3'I-BSA activity in the tissue was corrected for tracer contained
within vessels by multiplying '25I-BSA activity in the tissue by the ratio
of '3'I-BSA/'251-BSA activities in the arterial blood sample obtained at
the end of the experiment. The vascular-corrected '3'I-BSA activity
(i.e., extravascular tracer) was then divided by the time-averaged '"'I-
BSAplasma activity (calculated from the blood samples obtained at 1,
5, and 10 min after tracer injection) and by the tracer circulation time
(10 min) and normalized per gram tissue wet weight. This clearance
value for '3'I-BSA is then multiplied by 1.2 to provide an approximate
correction for permeation of the intravascular reference tracer (125I-
BSA) during its 2-min circulation time. The 1.2X correction factor is
based on the assumption that '25I-BSA permeates the vasculature at the
same rate as the primary tracer which circulates for 10 min. Vascular
clearance of plasma '3'I-BSA is expressed as MI plasma g wet
weighr' -min-'.

Estimates of vascular clearance of plasma '3'I-BSA calculated in
this manner are relatively free of potentially confounding effects of
differences in hematocrit, plasma volume, or tracer distribution vol-
ume of tissues exposed to different glucose solutions. Because blood
flow is higher in tissues exposed to 30 mMD-glucose than to those
exposed to 5 mMD-glucose, equilibration of the intravascular refer-
ence tracer will tend to occur more rapidly in the tissues exposed to
higher glucose levels. Thus any putative error in estimation of vascular
clearance of plasma '3 'I-BSA due to incomplete mixing of the intravas-
cular tracer will tend to obscure or reduce (rather than artifactually
increase) differences in albumin clearance in tissues exposed to 5 vs. 30
mMglucose.

Assessment of bloodflow. Blood flow (expressed as ml blood * g wet
weight-' * min-') was measured by injecting 15 MAm85Sr-microspheres
(NEN Research Products) as described in previous publications (14,
17). Animals were prepared in the same manner as for assessment of
albumin permeation except that the chest wall was opened to expose
the heart for microsphere injection. When blood pressure had stabi-
lized (; 10 min) a withdrawal pump attached to an iliac artery was
started at 0.34 ml/min and microspheres were injected over a 10-15-s
interval into the left ventricular chamber. The withdrawal pump was
stopped 90 s later, the heart was excised, and granulation tissue was
sampled. 85Sr activity in the tissue and in blood from the withdrawal
pump were quantified in a gammaspectrometer.

Time-course of change in skin chamber glucose
concentration after addition of 15 mMD-glucose
After addition of 0.5 ml of 15 mMD-glucose to a chamber, 10 Ml
aliquots of chamber fluid were removed at 0 time and at intervals of 5,
10, 20, 30 min, etc. for measurement of glucose concentration by the
hexokinase method (18). In addition, a blood sample was obtained
before addition of glucose to the chamber for determination of plasma
glucose levels.

Measurement of tissue polyol levels
Chemical ionization gas chromatography/mass spectrometry with am-
monia as reagent gas and helium as carrier gas was used to measure
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tissue polyols as their trimethylsilyl (TMS) derivatives (19). TMSde-
rivatives of sorbitol, mannitol, and galactitol are not separated by this
procedure; however, in rats fed standard rat chow and in tissues ex-
posed to glucose, the major tissue polyol was presumed to be sorbitol.

Statistics
Differences between groups were assessed by Students' t test (two
tailed); differences within groups were assessed by the paired t test.
Data are expressed as mean±SEM.

Results

Vascular albumin permeation was markedly increased in
granulation tissue exposed to 11, 15, and 30 mM -glucose
(Table I), but not by 8 mMD-glucose, compared with tissues
exposed to corresponding concentrations of L-glucose. In ad-
dition, albumin permeation in tissues exposed to 15 mMD-
glucose was significantly higher than in those exposed to 11
mMD-glucose (P < 0.001) but did not differ from that of
tissues exposed to 30 mM -glucose. Indices of albumin per-
meation in tissues exposed to 8 mM -glucose and to 8, 11, 15,
or 30 mML-glucose (as well as 30 mM3-O-methylglucose,
data not shown) were identical to values in tissues exposed to
buffer alone. Granulation tissue clearance of plasma '311-BSA
is increased approximately fourfold by 30 mMD-glucose (Fig.
1 A). Approximately 50% of this increase is evident after 2-5 d
of glucose applications (data not shown).

Blood flow in tissues exposed to 30 mMD-glucose was
increased by 70% relative to that of tissues exposed to 5 mM
D-glucose (Fig. 1 B). Blood flow was increased by 43% (P
< 0.001) in tissues exposed to 15 mM - versus those exposed
to L-glucose in the contralateral control chamber (data not
shown).

Table I. Effects of D- vS. L-Glucose on Vascular
Albumin Permeation

Vascular albumin permeation

L-Glucose D-Glucose A VAP

8 mM 2.38±0.04 2.41±0.06 0.03±0.02
11 mM 2.39±0.03 3.10±0.11 0.71±0.04*
15 mM 2.50±0.07 3.63±0.10 1.13±0.03*
30 mM 2.38±0.04 3.60±0.05 1.22±0.02*

* P < 0.001 (paired t test).
Stereospecificity of glucose effects on vascular albumin permeation.
Granulation tissue formation was induced in bilateral skin chambers
in nondiabetic 250-g male Sprague-Dawley rats by removal of 2
cm circles of skin on either side of the midline of the back. Begin-
ning 10 d later, 0.5 ml of 8 (n = 6), 11 (n = 9), 15 (n = 9), or 30
(n = 9) mMD-glucose in PBS containing penicillin-G (100 gg/ml)
and gentamycin (10 ,ug/ml) was added to the test chamber twice
daily. The contralateral control chamber in each animal received an
equal volume of PBS containing the same concentration of L-glu-
cose. After 10 d of topical glucose application, rats were anesthetized
with Inactin and vascular permeation by '25I-BSA was assessed by a
double-isotope ratio method using 5"Cr-rat RBCas a vascular space
marker. The index of vascular albumin permeation, the tissue-to-
blood isotope ratio, is obtained from the formula: '25I/51Cr-tissue

+ '251/51Cr-blood. Values shown are mean±SEM. See text for
details.
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Figure 1. Effects of an
inhibitor of aldose re-
ductase (Tolrestat) on
30 mMn-glucose-in-
duced increases in vas-
cular clearance of
plasma '31I-BSA, blood
flow, and sorbitol con-
tent of granulation tis-
sue. Skin chamber gran-
ulation tissue was in-
duced as described in
the legend to Table I.
PBS buffer (0.5 ml)
containing 5 or 30 mM
n-glucose±0.07 mM
tolrestat was added to
the chambers two times
daily for 10 d. '3'I-BSA
clearance (A) was as-
sessed after a tracer cir-
culation time of 10 min
with subtraction of in-
travascular tracer con-
tent based on plasma
levels of '25I-BSA (after
a tracer circulation time
of 2 min). Blood flow
(B) was estimated by in-
jection of 15 ,uM 85Sr-
microspheres. Sorbitol
levels (C) were assessed
by GC/MSas their tri-
methylsilyl derivatives.
Values shown are
mean±SEM(n 2 7) for
each group except for
blood flow in 5 mM
glucose + 0.07 mM
tolrestat, n = 3. **Sig-
nificantly different from
all other groups, P
< 0.001; +significantly
different from all other
groups, P < 0.005. See
text for details.

Sorbitol levels were increased over 10-fold in tissues ex-
posed to 30 mMvs. those exposed to 5 mMn-glucose (Fig. 1
C). The demonstration of this increase in tissue sorbitol levels
was critically dependent on sampling the tissues within 30-60
min after the last application of glucose to the chamber. No
increase in sorbitol levels was demonstrable in tissues removed
2-3 h after the last glucose application (data not shown). In
contrast, demonstration of increases in vascular albumin per-
meation and blood flow was insensitive to the interval between
glucose application and assessment of vascular function.

Tolrestat (at a concentration of 0.07 mM)completely pre-
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vented 30 mMD-glucose-induced increases in granulation tis-
sue albumin clearance, blood flow, and sorbitol levels (Fig. 1).

After addition of 0.5 ml of 15 mMD-glucose to a chamber,
glucose levels in chamber fluid rapidly decrease and fall to
plasma glucose levels by 150 min (Fig. 2).

Discussion

These observations indicate that elevation of skin-chamber
granulation tissue glucose levels increases blood flow and vas-
cular albumin permeation, independent of metabolic and hor-
monal imbalances associated with systemic hyperglycemia, to
levels observed in subcutaneous granulation tissue in rats with
streptozotocin diabetes (1 1, 20). This important finding sup-
ports the hypothesis that early vascular functional changes as-
sociated with diabetes are largely the consequence of hypergly-
cemia per se. These observations and conclusions are consis-
tent with reports that acute elevations in plasma glucose levels
in humans and in experimental animals are associated with
hemodynamic changes in the eyes and kidneys (21-23). At the
same time, they are consistent with evidence that the onset and
progression of diabetic vascular complications are modulated
by a variety of other risk factors including hormones and blood
pressure (2, 24-26).

The increases in albumin permeation in tissues subjected
to 11 mMD-glucose are identical to those in fabric-induced,
subcutaneous granulation tissue in rats with very mild strepto-
zotocin-induced diabetes (11) and demonstrate that plasma
glucose levels commonly observed in human diabetics are as-
sociated with vascular functional changes in the animal model.
The increases in albumin permeation in tissues exposed to 15
and 30 mMD-glucose correspond to those in rats with severe
streptozotocin diabetes with plasma glucose levels ranging
from 24 to 31 mMD-glucose (1 1, 19, 20). The finding that the
increase in vascular clearance of radiolabeled albumin pro-
duced by 15 mMD-glucose is almost as marked as that with 30
mMD-glucose suggests that near maximal diabetes-induced
endothelial injury is produced by glucose levels between 11
and 15 mMD-glucose. These observations and interpretations
are consistent with evidence that the ratio of increased vascular
albumin permeation per unit increase in plasma glucose levels
in subcutaneous granulation tissue (as well as in ocular tissues,
nerve, kidney, and aorta) is higher in rats with very mild than
in those with overt streptozotocin diabetes (27).

16- ~~~~~~~~Figure 2. Time-course
0
000120150180of change in skin

chamber glucose con-
12 - centration after addi-

~110 tion of 5 mM-glu-
glu cose. Skin chambers

8 - were mounted on nor-

6-~~ ~ ~ ~~~~ ~ mal male rats as de-
scribed in the legend to

mnuMtes Table I. After addition
of 0.5 ml of 15 mMD

glucose to a chamber, 10O-Ml aliquots of chamber fluid were removed
at 0 time and at intervals of 5, 10, 20, 30 min, etc. for measurement
of glucose concentration. Plasma glucose levels before addition of
glucose to the chamber are shown at the far right (open circle).
Values shown are mean±SEM(n = 4).

The 43% increase in blood flow induced by 15 mMD-glu-
cose is consistent with 25-35% increases in (subcutaneous)
granulation tissue blood flow in rats with severe streptozoto-
cin-induced diabetes of 4-6 wk duration (20, unpublished ob-
servations). The somewhat higher blood flow induced by 30
mMD-glucose than in granulation tissue of diabetic rats may
be related to differences in duration and severity of glycemia.
Since the vasculature of tissues exposed to 5 vs. 30 mMD-glu-
cose or to D- vs. L-glucose in the test and control chambers is
subject to the same arterial blood pressure, increased blood
flow in tissues exposed to elevated D-glucose levels must reflect
dilation of resistance arterioles or increased vascularity of the
tissue. Increased vascularity is unlikely since blood volumes
(reflected by granulation tissue content of 51Cr-RBC) were
identical in tissues treated with 15 mMD- and L-glucose
(0.015±0.001 SEMvs. 0.016±0.001 ml of blood/g tissue). It is
noteworthy in this regard that in studies of granulation tissue
induced by fabric implanted subcutaneously, blood volume
and collagen accumulation per milligram of implanted fabric
also were identical in control and diabetic rats (28).

These observations and interpretations are consistent with
diabetes-induced increases in blood flow (in the absence of
angiogenesis) in ocular tissues, peripheral nerve, and kidney in
rats with diabetes of 4-6 wk duration in which mean arterial
blood pressure is identical to that of control rats (20). They
also are consistent with morphological evidence that intestinal
arterioles are dilated in rats given twice-daily intraperitoneal
injections of 16.6 mMglucose (5% body weight) for a duration
of 4-5 wk (29). Thus we conclude that glucose-induced in-
creases in blood flow in this model are the consequence of a
decrease in arteriolar resistance, i.e., possibly due to impaired
contractile function of smooth muscle cells in resistance arteri-
oles. An important consequence of decreased arteriolar resis-
tance is that arterial blood pressure will be transmitted further
downstream into the microvasculature producing microvascu-
lar hypertension which has been postulated to contribute to
the pathogenesis of diabetic microangiopathy (2, 20, 30, 31).

The finding that glucose levels in chamber fluid rapidly
decrease and fall to plasma glucose levels within 150 min indi-
cates that even transient elevations in tissue glucose levels oc-
curring only two times daily are associated with impairment of
vascular function. This observation is consistent with the mor-
phological evidence cited above of vasodilation in intestinal
arterioles following twice daily intraperitoneal injections of
glucose (29) and with evidence that rats with very mild strep-
tozotocin diabetes (with normal fasting plasma glucose levels
but with elevated glycosylated hemoglobin levels and, by im-
plication, postprandial hyperglycemia) develop vascular func-
tional changes that are disproportionately large (relative to the
minimal increase in glycemia and tissue polyol levels) com-
pared with those in rats with overt diabetes, although they
develop more slowly (1 1, 27). Plasma glucose levels do not
change after addition of 15 mMglucose to the chamber since
only 0.13 mg of glucose is lost from the chamber during the
first 5 min and the rate of glucose loss diminishes thereafter. If
this amount of glucose (0.13 mg) were injected intravenously
(as a bolus) into rats with a body weight of 300 g, and with a
blood volume of 15 ml (5% of body weight), mean blood glu-
cose would be transiently elevated by only 0.05 mM(0.9
mg/dl).

The demonstration that tolrestat, at a concentration of
0.07 mM, completely prevented 30 mMD-glucose-induced
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increases in vascular albumin clearance, blood flow, and sor-
bitol levels (Fig. 1) is consistent with evidence from numerous
studies indicating that vascular functional changes (increases
in albumin permeation, blood flow, glomerular filtration rate,
and urinary albumin excretion) in rats with streptozotocin
diabetes are linked to increased metabolism of glucose by the
sorbitol pathway and are prevented by a variety of structurally
different chemical inhibitors of the enzyme aldose reductase,
which also prevent diabetes-induced increases in tissue sorbitol
levels without affecting plasma glucose levels (2, 11, 20).

The absence of an effect of tolrestat on vascular albumin
permeation, blood flow, and sorbitol levels in tissues exposed
to 5 mMD-glucose is consistent with minimal effects of aldose
reductase inhibitors in general on tissue function and sorbitol
levels in normal rats.

The likelihood that these vascular functional changes in-
duced by topical glucose are independent of nonenzymatic
glycosylation is supported by evidence that: (a) tolrestat and
other inhibitors of aldose reductase which prevent vascular
changes associated with diabetes have no effect on blood glu-
cose levels or nonenzymatic glycosylation of proteins (1 1, 20),
and (b) L-glucose had no effect on vascular function even
though it is capable of nonenzymatic glycosylation (i.e., of
hemoglobin) analogous to that observed with D-glucose (Lo-
renzi, M., personal communication). In addition, it appears
unlikely that these vascular functional changes are linked to
increased synthesis of diacylglycerol and associated alterations
in protein kinase C activity since the latter changes are not
prevented by inhibitors of aldose reductase (32-34). On the
other hand, both nonenzymatic glycosylation (35, 36) and
other glucose-induced metabolic imbalances (32-34) may con-
tribute to end-stage diabetic vascular disease.

While the present studies do not provide any insights re-
garding the cellular mechanisms that mediate glucose-induced
increases in vascular albumin clearance, observations from
other investigations suggest that the increased clearance is
largely the consequence of impaired endothelial cell barrier
function (11, 20, unpublished observations). They do not,
however, exclude a possible contribution by increased hydrau-
lic conductance related to increased blood flow and microvas-
cular hypertension (30, 31).

It is noteworthy that increased vascular albumin perme-
ation in granulation tissue of diabetic rats is both prevented
and reversed during euglycemia following islet transplantation
(28) and infusion of insulin by pumps (37). The slow relatively
linear rate of normalization of vascular albumin permeation
over 14 d (despite normalization of plasma glucose and sorbi-
tol levels within 2 d by insulin pumps [37]) suggests that in-
creased vascular albumin permeation induced by hyperglyce-
mia is the consequence of slowly reversible biochemical and/
or structural alterations in the vasculature rather than to
immediate, rapidly reversible alterations in endothelial cell
barrier function analogous to those produced by vasoactive
agents such as histamine (13, 38). This view is also consistent
with the finding that vascular functional changes were still
demonstrable 2-3 h after the last glucose application (despite
normalization of tissue sorbitol levels) and evidence that glu-
cose-induced increases in granulation tissue vascular albumin
permeation continued to increase between 5 and 10 d of expo-
sure to 30 mMD-glucose.

Although the precise nature of the aldose reductase-linked
metabolic imbalance that mediates vascular functional abnor-

malities induced by glucose remains unclear, it is of interest
that exposure of tissue chamber granulation tissue to 1 mM
sorbitol induces vascular functional changes (39) identical to
those produced by 15-30 mMD-glucose. In addition, vascular
functional changes induced by both 30 mMD-glucose and by
1 mMsorbitol are prevented by the inclusion of 1-3 mM
pyruvate (39, 40). These observations, coupled with those of
Travis et al. (41), suggest that vascular functional changes in-
duced by glucose (and by sorbitol) may be linked to metabolic
imbalances associated with a reduction in the ratio of NAD+/
NADH(caused by increased oxidation of sorbitol to fructose).

Conclusions. These observations and interpretations sup-
port the hypothesis that early microvascular functional
changes in diabetic humans and animals are: (a) primarily the
consequence of hyperglycemia per se, independent of the mul-
tiple systemic metabolic and hormonal imbalances associated
with the diabetic milieu, and (b) mediated by, or strongly
linked to, increased metabolism of glucose via the sorbitol
pathway.
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